Abstract-Greenhouse experiments were carried out to evaluate the effect of different soil-based countermeasures on radiocesium transfer to Medicago sativa (alfalfa) grown on artificially contaminated loamy-clayey soil. Various rates of potassium, ammonium, and Prussian Blue supplements were applied, and the uptake of radiocesium by control and treated alfalfa plants was monitored during four growth periods. Transfer factors ranging between 0.06 and 0.02 were determined for control plants. Application of potassium at rates higher than 0.1 meq per 100 g soil was found to suppress radiocesium uptake, the effect being more pronounced at increasing fertilization rates. On the contrary, soil treatment with ammonium enhanced the bio-accumulation of radiocesium, indicating that Cs ؉ ions, previously unavailable to plant roots, were released from soil particles. Prussian Blue supplements had practically no effect on soil-to-alfalfa transfer of the radionuclide. Health Phys. 84(5):637-641; 2003
INTRODUCTION
ONCE INTRODUCED in the environment after an accidental or routine release, radiocesium is deposited onto soils, becoming available to plants and soil organisms, thereby being further distributed within the human food chain. Much research has concentrated on identifying effective countermeasures for the soil-to-plant transfer of 137 Cs. Treatment of contaminated soil with counter-ions of the same homologous series, namely stable cesium, potassium, or ammonium, is considered to be potentially effective in inhibiting radiocesium uptake by plant roots (Cremers et al. 1990; Shaw and Bell 1991; Lembrechts 1993; Nisbet 1993; Zhu et al. 2002) . The effect of various salts of hydroferrocyanic acid has also been investigated and several compoundssuch as Ammonium-Ferric-Hexacyano-Ferrate (AFCF)-were proven to be promising amendments for contaminated soils (Hove et al. 1996; Vandenhove et al. 1996 Vandenhove et al. , 1997 . Furthermore, a series of clay minerals, micas, and zeolites are known to reduce the phyto-availability of radiocesium by selectively adsorbing Cs ϩ ions (Alexakhin 1993; Campbell and Davies 1997; Paasikallio 1999) . It is widely recognized that the performance of such treatments varies significantly depending on plant physiology and several soil parameters, such as clay and organic matter content, pH and ionic concentration (Kühn et al. 1984; Smolders et al. 1997; Absalom et al. 1999; Sanchez et al. 1999; Frissel et al. 2002; Ehlken and Kirchner 2002) . Caution should, therefore, be exercised in comparing results from different studies, while the development of separate intervention strategies should be based on information acquired for the pertinent agricultural ecosystems.
The present investigation evaluates the effect of soil treatment with potassium, ammonium, and Prussian Blue [potassium-ferric-hexacyanoferrate(II)], on 137 Cs accumulation from artificially contaminated soil to the plant Medicago sativa, commonly known as alfalfa. Alfalfa plants are widely used for fodder in Greek farming, therefore the assessment of countermeasures to reduce the radiocesium uptake by this plant species is of major concern in local radiation protection.
MATERIALS AND METHODS

Experimental set-up
Experiments were carried out in a greenhouse. Local agricultural soil was collected from 20 cm below ground level, dried, and passed through a 2-mm sieve. The physicochemical properties of the soil are summarized in Table 1 . Plastic pots, 20 ϫ 42 cm in surface, were filled with 20 kg of dry soil to a final soil depth of 15 cm. Alfalfa seed was spread evenly over the soil at a rate of 2 g m Ϫ2 and covered with a 0.5-cm moist soil layer. 6 powder, synthesized using potassium ferrocyanide and ferric cloride precursors, according to the process described elsewhere (Ioannides et al. 1996) . Throughout the experiment, the temperature in the greenhouse was kept constant around 20°C. The plants were naturally illuminated and received tap water every 2 days in order to keep the soil continuously moist. Plants were harvested by cutting to a level of 2-3 cm above ground every 4 to 6 weeks, depending on the growth rate. A total of four sequential harvests was studied. Harvested plants were dried at 80°C for 2 d, ground, weighed and stored at 10 g quantities in 80-mL plastic petri dishes until measurement for gamma radioactivity.
Radioactivity measurements
The radiocesium content of the dry samples was determined by gamma-spectrometry, using a 22% efficiency intrinsic Ge detector (Princeton Gamma-Tech, Inc., 1026 Route 518, Rocky Hill, NJ 08553, USA), shielded against background radiation with 5 cm lead. Spectra were accumulated in 2,048 channels and stored for analysis in an IBM compatible computer. Soil-toplant transfer factors (TF) were calculated as TF ϭ 137 Cs concentration in plant ͓Bq kg Ϫ1 ͑dry weight͔͒ 137 Cs concentration in soil ͓Bq kg Ϫ1 ͑dry weight͔͒ .
(1)
Although it is more valid to express the concentration in soil in units of soil surface, the units of soil mass have been used in the analysis, because most TF values appearing in the literature are defined in this way. The detector was calibrated for absolute efficiency vs. energy using standard soil and plant samples spiked with a 152 Eu wet source. The preparation procedure and counting geometry was kept the same for both standard and measured samples to eliminate matrix and geometrical effects.
To calculate 137 Cs concentration in soil, the vertical profile of the radionuclide was monitored twice-at the beginning and the end of the experiment-by extracting soil cores from the control pots. The cores were cut in 2-cm-long sections, and each soil sample was dried in an oven, weighted, and analyzed for 137 Cs radioactivity. The depth profile of radiocesium, thus recorded, revealed that the nuclide is mainly located on the soil surface and falls by ϳ90% within 4 -6 cm from the top. Therefore, soil concentrations in eqn (1) refer to the upper 10 cm.
The effect of potassium, ammonium and PB treatments on 137 Cs bio-accumulation, was quantified through transfer factor ratios (R), defined as
The typical plant yield from each pot was 50 -70 g of dry mass. At each harvest, four replicates from the same pot were used to determine radiocesium soil-toplant transfer factors. All calculations reported hereafter are the mean value of these replicates and errors correspond to standard deviations from the mean.
RESULTS AND DISCUSSION
Soil-to-plant transfer in the control experiments
Transfer factors calculated for control plants are listed in Table 3 and schematically depicted in Fig. 1 . In samples collected at the first harvest, TFs averaged 0.06 Ϯ 0.02, while uptake decreased during the following growth periods and remained fairly constant to 0.03 Ϯ 0.01 throughout the rest of the experiment. Direct comparison between published soil-to-plant transfer data is often inappropriate, since reported TF values vary significantly, depending on soil characteristics, crop species, or type of experiment. Even for individual soil-crop combinations, transfer factors show ranges of up to three orders of magnitude (Nisbet and Woodman 2000) . In the database compiled by the International Union of Radioecologists (IUR 1989) a large collection of transfer factors to alfalfa can be found for different soil types. Values acquired from field experiments, conducted in loamy-clayey soils 
Effect of potassium treatment
Radiocesium accumulation to plants was monitored for four sequential growth periods in pots under treatments K2 and K4. Radiocesium transfer factors are presented in Table 3 . As illustrated in Fig. 2 , application of K2 yielded a 40% reduction in cesium uptake during the first growth period, and the uptake was found further suppressed in next harvests. Treatment K4 achieved a reduction in cesium uptake amounting to 90% during the first growth period. Its efficacy, however, was not longlasting; after the first harvest, cesium uptake increased, possibly indicating depletion of soil from added potassium or fixation to the clay mineral fraction. Compared to treatment K2, cesium transfer to plants under treatment K4 remained lower throughout the experiment.
To investigate whether increased amounts of potassium are accompanied by stronger reduction in cesium uptake, transfer factor ratios to plants treated with different potassium levels were monitored during the first growth period. The data contained in Fig. 3 reveal that the addition of 0.1 meq K ϩ per 100 g soil does not influence the uptake of the radionuclide. Applying potassium rates comparable to those present naturally in soil (i.e., 0.5 meq/100 g) results in a moderate effect, which becomes more pronounced at higher potassium levels. Assuming that the transfer factor ratio, R, equals unity in the absence of any supplement (R 0 ϭ 1) and gradually decreases with increasing potassium concentration, C (meq/100 g soil), an expression of the form
can be used to quantify the effect of the treatment. The data shown in Fig. 3 are well described ( 2 ϭ 0.008) by eqn (3) and parameter acquires the value 1.1 Ϯ 0.2 meq/100 g soil. It can be estimated that increasing C above 4 times ϫln2 (i.e., Ͼ3 meq K ϩ /100 g soil) will produce no further effect on R suppression. This threshold mechanism has been proposed in the past to describe the effect of potassium fertilizers on radiocesium transfer to plants (Kühn et al. 1984; Wang et al. 1997) while the same approach was adopted by Vandenhove et al. (1996) for the effect of different rates of AFCF treatments. 
Radiocesium availability in ammonium treated soil
As shown in Fig. 4 , the transfer factor ratios measured for the first crops harvested from ammonium treated soils were either almost equal to unity or higher, up to 38%. No correlation between the transfer factor ratio and the concentration of ammonium was detected. Uptake during the following growth periods was practically the same as in the control experiments, and these data are not included in Fig. 4 . The average transfer factor ratio, acquired from all ammonium treatments throughout the whole experiment, amounts to 1.1 Ϯ 0.2.
A rough comparison can be proposed between the NH 4 ϩ and K ϩ treatments. Although the two ions share similar physicochemical characteristics, they affect cesium availability in opposite ways. Applying ammonium at a rate of N1 caused a 38% increase in cesium uptake at the first harvest, while almost the same K ϩ concentration (treatment K2) suppressed uptake by 40% (see Fig.  2 ). Such a pattern can be attributed to the different fixation ability of the two cations. In an early study, Nommik (1957) found that when equivalent amounts of K ϩ and NH 4 ϩ were added simultaneously to soil, the ratio of K ϩ :NH 4 ϩ fixed was 1:3.4. In that sense, ammonium has been recognized to enhance the mobility of cesium in soil by releasing Cs ϩ ions bound on clay lattice sites (Tensho et al. 1961; Jackson et al. 1965; Hormann and Kirchner 2002) . This effect, currently referred to as phytoremediation, is exploited as a method for restoring cesium-contaminated soils.
Efficacy of Prussian Blue supplements
The P1 supplement did not influence cesium availability, and the transfer factor ratio was determined to be 1.05 Ϯ 0.09 throughout the experiment (Fig. 5) . Similarly, TFs calculated for plants under treatment P2 (Table  3) were not statistically different from TFs for the control plants and an average transfer factor ratio of 0.97 Ϯ 0.17 was found. Unlike the encouraging results obtained after administration of the same PB powder to animals (Ioannides et al. 1996) , its application as a soil amendment proved inadequate to affect radiocesium uptake by alfalfa. Such poor results have been also reported for AFCF applied in soils with high cesium fixation capacity. Vandenhove et al. (1996) have shown that treatment of a sandy soil with 10 g AFCF per m 2 suppressed radiocesium transfer to ryegrass by a factor of 25, while application of the same treatment on a loamy soil resulted in only a twofold reduction.
CONCLUSION
The soil used in the present study was of loamyclayey nature with low organic content. In such soil types, the effectiveness of chemical treatments in reducing the bio-availability of the radionuclide is attenuated by fixation of Cs ϩ ions in clay sites. Among the chemically alike K ϩ and NH 4 ϩ ions, the latter were found to mobilize cesium fixed in specific adsorption sites, increasing its availability to plant roots. Potassium competed for plant uptake rather than fixation in soil and suppressed cesium accumulation to alfalfa. Compounds having ion-exchange properties, such as the PB salt, when applied in loamy-clayey soils, are unlikely to bind Cs ϩ ions since the latter are remain tightly bound to the soil particles.
